Buddleja caryopteridifolia was treated as a synonym of B. crispa in Flora of China. However, it was found that the two entities had different phenologies as well as morphology in the sympatric habitat investigated. Buddleja crispa flowers from mid-March to mid-May while B. caryopteridifolia blooms from early June to mid-September. In this study, the comprehensive comparative analyses of morphological traits, floral scent composition and amplified fragment length polymorphism (AFLP) data were utilized to determine whether B. caryopteridifolia should be recognized as a separate species. Among 13 morphological characters, all but calyx length were significantly different (all p<0.05, t-test) between the two species. Both cluster analysis and principal coordinates analysis (PCoA) of AFLP markers produced two distinct clusters for B. crispa and B. caryopteridifolia. The results of floral scent indicated several differences between B. crispa and B. caryopteridifolia. The main volatile compound of B. crispa was Benzaldehyde, while that of B. caryopteridifolia mostly consisted of trans-β-Ocimene. Therefore, all analyses supported the rehabilitation of B. caryopteridifolia as an independent species.
Introduction
The genus Buddleja Linnaeus (1753: 112) consists of ca. 100 species found in Asia, Africa, North and South America, and more than 20 species in China (Leeuwenberg 1979; Li & Leeuwenberg 1996; Norman 2000) . Flora Reipubulicae Popularis Sinicae (Chang et al. 1992) , listed 29 species in China. Leeuwenberg (1979) separated the genus into four sections: Buddleja, Chillanthus (Burchell 1822: 94) Leeuwenberg (1979: 7) , Neemda Bentham (1846: 442), and Nicodemia (Tenore 1845: 88) Leeuwenberg (1979: 9) . In Flora Reipubulicae Popularis Sinicae (Chang et al. 1992) , the genus was divided into two subgenera: Buddleja and Nicodemia (Tenore) Leenhouts (1962: 340) . Buddleja species usually grow as perennial shrubs and have a dense canopy of foliage and a generous display of flowers, which are arranged in long panicles. It was reported that there were intermediate characteristics existing between some species (Leeuwenberg 1979) . Such circumstance would be due to several factors. First, extensive natural hybridization has probably occurred among Buddleja species. There are around 19 putative natural hybrids among neotropical Buddleja involving 24 species on the basis of morphology (Leeuwenberg 1979 , Norman 2000 . Secondly, polyploidy exists in over half of Buddleja species, especially, in the Sino-Himalayan region (Chen et al. 2007 , Norman 2000 . Thirdly, the species are widespread and have adapted to various habitats with a variety of features (Leeuwenberg 1979) . So far little molecular phylogenetic work on the genus Buddleja has been published, and its phylogenetic framework has not yet been well established. The taxonomy of the genus has been mainly based on morphological studies, and the delimitation of Buddleja is still globally controversial. Consequently, the treatments of nine species-B. adenantha Diels (1912: 248) , B. alata Rehder et Wilson (1913: 570) , B. caryopteridifolia W. W. Smith (1914: 179) , B. hastata Prain ex Marquand (1930: 197) , B. heliophila W. W. Smith (1913: 126) , B. limitanea W. W. Smith (1916: 86) , B. purdomii W. W. Smith (1916: 87) , B. taliensis W. W. Smith (1916: 87) , and B. wardii Marquand (1929: 203) were different between Flora Reipubulicae Popularis Sinicae (Chang et al. 1992) and Flora of China (Li & Leeuwenberg 1996) .
Buddleja caryopteridifolia was considered to share characteristics with B. crispa Bentham (1835: 43) (Leeuwenberg 1979 , Li & Leeuwenberg 1996 , but Li (1982) , Chang et al. (1992) , and Stuart (2006) insisted that B. caryopteridifolia was distinctly different from B. crispa. While in Flora Reipubulicae Popularis Sinicae (Chang et al. 1992) , B. caryopteridifolia was distinguished from B. crispa due to longer bracteoles, more distinctive veins and shorter inflorescences. The bracteole of B. caryopteridifolia is longer than its corolla, and on the other hand the bracteole of B. crispa is usually shorter than its corolla. However, in Flora of China (Li & Leeuwenberg 1996) and The Loganiaceae of Africa XVIII. Buddleja L. II. Revision of the African and Asiatic species (Leeuwenberg 1979) , B. caryopteridifolia was controversially placed in synonymy with B. crispa based on the presence of intermediates in their inflorescence, while the numerous variations of B. crispa found in both inflorescences and leaves were attributed to environmental factors. B. crispa is a shrub or small tree, widely distributed in hot/warm-dry valleys across the Himalaya-Hengduan area, such as Afghanistan, Pakistan, India, Nepal in western Himalaya, and China (Sichuan, Gansu, Tibet, Yunnan province) in eastern Himalaya (Chang et al. 1992 , Stuart 2006 . By contrast, B. caryopteridifolia is a small shrub species which is only restricted to hot-dry valleys of western China (Chang et al. 1992 , Stuart 2006 .
Preliminary determination revealed that B. caryopteridifolia and B. crispa were distinct based on their geographical distribution patterns, morphological characters, and flowering time by our investigations, which included field observations and common garden cultivation at Kunming Botanical Garden (KBG). Our study is aimed at determining the variations in morphology, floral scent, and genetic structure (AFLP data) within and between the two species and try to clarify the taxonomic status of B. caryopteridifolia. We assessed (a) the differentiation of B. crispa and B. caryopteridifolia along Jinsha River and correlated it to their taxonomical disposition, and (b) the inter and intra population diversities of B. crispa and B. caryopteridifolia.
Materials and methods

Study site and investigation
According to the description of Flora Reipubulicae Popularis Sinicae (Chang et al. 1992) , the collection records in herbarium of Kunming Institute of Botany (KUN) and Chinese Virtual Herbarium (CVH, http:// www.cvh.org.cn), eight locations ( Fig. 1 and Table 1 ) along the Jinsha River (sympatric populations existed) were selected for sampling and field observations. Among these locations, three (NX, DR and XC) were the sympatric habitats for B. crispa (Cr) and B. caryopteridifolia (Ca). For the remaining five populations, three (BT, DC and SG) were for B. crispa and the other two (YR and DJ) were for B. caryopteridifolia. The information regarding the populations (e.g., population ID, location, elevation, latitude, longitude, species, and experimental treatments) is provided in Table 1 . The elevation, latitude and longitude were determined by GPS Etrex (M-241A, HOLUX).
The field investigations were conducted for five times during or after the flowering time (27 June to 7 July, 2010; 20 March to 30 March, 2011; 27 September to 8 October, 2011; 10 April to 20 April, 2012; 8 August to 17 August, 2012) . The sites of the investigations were determined by both the possible sympatric areas noted in Flora Reipubulicae Popularis Sinicae (Chang et al. 1992 ) and the collection records from the specimens (KUN and CVH). At the same time, habitat and the flowering time were observed and recorded. Furthermore, flowering time was also assessed by specimens records in herbaria (KUN and CVH), observations on KBG's common cultivation, the investigations of this study, and the information obtained from local people. We also searched for the intermediate type between B. crispa and B. caryopteridifolia in the investigated areas according to the description of Leeuwenberg (1979) , especially in the overlapping habitats.
Morphological measurements
For morphological measurements, 10 mature plants of each population in three sympatric locations (NX, DR, XC, Table 1 ) were randomly chosen for further measurements if over 10 m separated the two individuals. For each plant, 20 leaves (selected from mature and healthy leaves from the base of hard-wood branches) and 20 single mature flowers were sampled.
To compare the morphological differences between B. crispa and B. caryopteridifolia in the sympatric locations, 13 morphological characters were evaluated for each plant, i.e., the number of branches (NB), the plant height (PH) and crown diameter (PCD) of each plant; leaf length (LL), leaf width (LW) and the ratio of L/W (length/width) of each leaf; the calyx length (CL), tube length (TL), corolla diameter (CD), corolla lobe length (CLL), tube diameter (TD), pistil length (PL, including the length of ovary and pistil), distance between pistil and stamen (DPS) of flowers. Measurements were scored by hand with a steel tape (used for PH, PCD) and a vernier calipers (used for LL, LW, CL, TL, CD, CLL, TD, PL, DPS). Morphological data of LL, LW, CL, TL, CD, CLL, TD, PL, DPS were averaged per plant, then independentsamples t-test and principal components analysis (PCA) of the mean values were performed for all morphological data using the software package SPSS v.16.0 for Windows (SPSS 2007) and PAST 1.82 (Hammer et al. 2001) , respectively.
AFLP analysis
Nine populations (five for B. crispa and four for B. caryopteridifolia) from seven locations (DR, XC, BT, DC, YR, SG, and DJ, Table 1 ) were selected for AFLP. There were 12 plants per population except DR_Cr (eight plants were sampled) involved in AFLP analysis, and every plant was at least 50 m from each other.
DNA extraction
Genomic DNA was isolated from silica-gel dried leaves using Plant Genomic DNA Rapid Extraction kit (Spincolumn) (BioTeke Corporation, Beijing).
AFLP procedures
AFLP fingerprints were performed in accordance with the Beckman Coulter protocol, with modifications as described by Reisch (2006) . Genomic DNA (~50 ng/μL) was cut by two restriction enzymes EcoRI (10 U) and MseI (2 U) to generate small DNA fragments in a 20 μL mixture for 2 h at 37 °C. The resulting DNA fragments were ligated to adapters in a total volume of 21 μL with 2 U of T4 DNA-Ligase. Pre-selective amplification was performed in a 25 μL volume, and then the resultant PCR products were diluted 10 times with 1×TE buffer. The selective amplification was conducted in a reaction volume of 25 μL with three selective primer combinations (E-ACA/M-CTA, E-ACC/M-CTT and E-AAC/M-CTC). These three primer combinations were chosen from 16 primer pairs screened using eight randomly selected samples (including materials of both B. crispa and B. caryopteridifolia). Finally, the PCR products were added to a mixture of Sample Loading Solution (Beckman Coulter, Fullerton, California, USA) and CEQ Size Standard 400 (Beckman Coulter). The fluorescence labeled selective amplification products were separated by capillary gel electrophoresis on an automated sequencer (CEQ 8000, Beckman Coulter). The fragments were collected and analyzed on a CEQ 8000 Genetic Analysis System (Beckman Coulter). The AFLP data were transformed to a binary 1/0 character matrix as present (1) or absent (0) of bands. Fragments were sorted to bins according to the selection parameters and checked manually.
AFLP data analysis
The AFLP data set was analyzed by phenetics, cladistics, and principal coordinates analysis (PCoA). For phenetic tree construction, the binary character matrix was converted into a distance matrix based on the Nei's original measures of genetic identity and genetic distance (Nei 1972) , using software POPGENE version 1.31 (Yeh et al. 1999) . Phenograms were generated by UPGMA cluster analysis, using NTSYSpc 2.10p (Rohlf 2000) . Neighbor-joining (NJ) and maximum parsimony (MP) analysis of the AFLP character matrix were conducted using PAUP*4.0b10 (Swofford 2002) . The analysis used a heuristic search strategy with the following settings: parsimony criterion for MP analysis and distance criterion for NJ analysis, multistate taxa interpreted as uncertainty; starting tree (s) obtained via stepwise addition; the 1,000 random addition sequences; one tree held at each step during stepwise addition; tree-bisection-reconnection (TBR) branch-swapping; steepest descent and " Mul-Trees " options not in effect. The 1,000 MP bootstrap replicates were completed using heuristic searches (MP analysis) or NJ searches (NJ analysis) with the same search parameters as above. The PCoA was conducted using GenAlEx ver. 6.0 (Peakall & Smouse 2006) .
Floral scent analysis
Floral scent collection and gas chromatography-mass spectrometry (GC-MS) analysis was performed according to the method reported by Chen et al. (2012) . The newly blooming inflorescences of B. crispa and B. caryopteridifolia were chosen in the sympatric habitats (NX, DR, Table 1 ), and the floral scents were collected using the dynamic headspace adsorption method during the day between 12:00 and 16:00 with three replicates for each population combined to create one sample (for each replicate, the different inflorescences from several plants were sampled respectively). The sampled inflorescences were enclosed in Tedlar bags (Dupont, USA) and volatiles were drawn from the enclosures into cartridges containing the adsorbent Porapak Q (150 mg, mesh 60/80, Waters Associates, Inc.) for 4 h using a pump with an inlet flow rate of 300 ml/min. Before collecting volatiles, the adsorbent cartridges were cleaned with 2 ml of diethyl ether, and dried by nitrogen gas. Trapped volatiles were eluted with 500μL dichloromethane and concentrated to 50μL by a small stream of nitrogen gently. Each sample was mixed with n-nonane of 720 ng for quantification, and stored at -20 °C for subsequent analysis.
The extracts from inflorescences were analyzed using an Agilent Technologies HP 6890 gas chromatograph, equipped with a HP-5MS column (30 m × 0.25 mm, 0.25 μm film thickness), and linked to an HP 5973 mass spectrometer (Agilent Technologies, USA). Helium as a carrier gas at a flow of 1 ml/min, and injector temperature was set to 260 °C. The column temperature was 40 °C, and after injection, was increased to 260 °C at a rate of 3 °C /min. Compounds were identified by comparing their gas chromatography retention times with the Wiley NIST 05 mass spectral database. Relative amounts (%) analysis was performed by peak area measurement. According to the floral compounds of the four populations, cluster analysis was carried out using the software packages PAST 1.82 based on the Euclidean distance with the paired group method (Hammer et al. 2001) .
Results
Species investigation and distribution
Based on our investigations and field notes of the available specimens of B. crispa in KUN and CVH, all 263 specimens were included in the statistics. We found that B. crispa was a Sino-Himalayan species with distribution in Afghanistan, China, India, Pakistan, and Nepal, while B. caryopteridifolia was endemic to Yunnan and Sichuan province of China. Furthermore, the two entities had different flowering times in the sympatric habitat (B. crispa bore flowers from mid-March to mid-May while B. caryopteridifolia flowered from early June to mid-September). Most interesting was that there was no intermediate type between the populations of the two species, even in the sympatric areas.
Morphological character analysis T-test for morphological characters
The mean and standard deviation values of 13 morphological characters of B. crispa and B. caryopteridifolia in three sympatric habitats are shown in Table 2 . The results indicated that the two species occurring in the same habitat were significantly different (all p<0.05) in all traits but CL (NX: p=0.08, DR: p=0.69, XC: p=0.41), and Note: SD, standard deviation. t, Student's t -value. PH, the plant height; PCD, crown diameter; NB, the number of branches; LL, leaf length; LW, leaf width; L/W, the ratio of leaf length/width; CL, the calyx length; CD, corolla diameter; CLL, corolla lobe length; TL, tube length; TD, tube diameter; PL, pistil length (including the length of ovary and pistil); DPS, distance between pistil and stamen. * Significant differences between species (P<0.05); ** highly significant differences among species (P<0.01); n=10 plant. 
Principal components analysis
In the PCA of leaf characters LL, LW and L/W (represented by the lines in Fig. 2a) , the first principal component explained 97.73 % of the total variation, and the first axis allowed the separation of populations into two groups, viz., B. crispa and B. caryopteridifolia (the populations which overlap are the same species). In contrast to populations of B. caryopteridifolia (NX_Ca, DR_Ca and XC_Ca), that of B. crispa (NX_Cr, DR_Cr and XC_Cr) occupied much more areas, which indicated B. crispa had more variations in leaf characters. On the other hand, the first principal components (85.62 %) of the single flower PCA plot (Fig. 2b) also clearly showed the distinct isolation of these two species based on seven floral characters. Furthermore, B. crispa and B. caryopteridifolia can be easily distinguished based on the characters LL, LW, CD, TL and PL, which scored high in correlation coefficients (Table 3 ). Note: LL, leaf length; LW, leaf width; L/W, the ratio of leaf length/width; CL, the calyx length; CD, corolla diameter; CLL, corolla lobe length; TL, tube length; TD, tube diameter; PL, pistil length (including the length of ovary and pistil); DPS, distance between pistil and stamen. caryopteridifolia was higher than that within these two species. The individual-based PCoA plot (Fig. 3) subdivided all AFLP phenotypes into Groups I (populations of B. crispa) and II (populations of B. caryopteridifolia) along the coordinate 1, which explained 11.57 % of the total genetic variance. Yet at coordinate 2, there were no further distinct subdivisions. The UPGMA cluster (Fig.4 ) also separated these populations into two groups (B. crispa and B. caryopteridifolia) and the results received supports from both NJ and MP analyses (Fig. 5) with a high bootstrap value (97/94). The populations of B. crispa and B. caryopteridifolia were indicated using blue and red color, respectively. The population labels were given in Table 1 . 
Floral scents
The GC-MS analysis revealed that 36 compounds were extracted from B. crispa and B. caryopteridifolia (20 compounds in B. crispa and 24 compounds in B. caryopteridifolia, Table 5 ). There were eight compounds (3-Methyl-1-butanol, Hexanal, trans-β-Ocimene, β-Cyclocitral, cis-β-Ocimene, Limonene, and Linalool, α-Pinene) shared by the two species, and the percentage of trans-β-Ocimene was the highest one among these eight compounds, but the percentage of trans-β-Ocimene isolated from B. crispa (NX_Cr: 14.38 %, DR_Cr: 19.38 %) was much lower than that from B. caryopteridifolia (NX_Ca: 59.03 %, DR_Ca: 43.62 %). For each species, the populations (NX_Cr, DR_Cr) of B. crispa contained 11 of the same compounds, whereas the populations (NX_Ca, DR_Ca) of B. caryopteridifolia shared 18 compounds, the percentages of different compounds between these populations were under 10 %. Among these shared compounds, the most abundant compounds of B. crispa were Benzaldehyde (only detected in B. crispa, NX_Cr: 64.77 %, DR_Cr: 65.29 %). By contrast, trans-β-Ocimene (NX_Ca: 59.03 %, DR_Ca: 43.62 %) detected in B. caryopteridifolia was the compound with the highest concentration. By classifying the relative compounds of floral scent gathered (Table 5) , the difference was distinct between the populations of B. crispa and B. caryopteridifolia. The compounds detected from populations of B. crispa could be grouped into four major classes (Aliphatic compound, Benzenoid, Monoterpenes, and Sesquiterpenes, Table 5 ). However, there were only two major classes (Aliphatic compound and Monoterpenes, Table 5 ) of the compounds found in B. caryopteridifolia populations. Using cluster analysis based on floral scent compounds listed in Table 5 , population NX_Cr, DR_Cr, NX_Ca, and DR_Ca were divided clearly into 2 groups (Fig. 6) , supporting the separation of these two species.
FIGURE 6. Cluster analysis (based on the Euclidean distance) using the average relative amounts of 36 compounds (Table 5) collected from four populations (B. crispa: Cr; B. caryopteridifolia: Ca). The populations of B. crispa and B. caryopteridifolia were indicated using blue and red color, respectively. The population labels were given in Table 1 .
Discussion
Species delimitation with morphological and molecular evidences To resolve phylogenetic relationships of morphologically diversified plant species complex or closely related species, a proper methodical examination, combining morphological and molecular data, is commonly adopted by some botanists , Depypere et al. 2009 , Hardion et al. 2012 , Palacios et al. 2011 , Paolini et al. 2009 , Tyteca et al. 2012 , Johnson et al. 2013 .
Based on the collected morphological data, the results of t-test (Table 2 ) and PCA (Fig. 2) of both leaf and single flower morphometrics supported that B. caryopteridifolia was clearly distinct from B. crispa, even in sympatric locations. However, the significant morphological variations of related species are generally attributed to different environments, and similar growth conditions might result in similar characters among divergent species by selection pressure (Koopman et al. 2008) . In the present study, selection of three sympatric locations had ruled out those underlying effects of different habitats. In other words, the dissimilarities in morphological characters between the two species can be attributed to species heredity rather than any environment modification. In particular, B. crispa was recognized as a shrub or small tree with some open branches (loose branches) and relatively large leaves and inflorescences, whereas B. caryopteridifolia was featured as a small globose shrub with many compact branches (dense branches). The present results are generally congruent with those advocated in Flora Reipubulicae Popularis Sinicae on the basis of morphology (Chang et al. 1992) .
Although there were other treatments of B. caryopteridifolia by Leeuwenberg (1979) and Li & Leeuwenberg (1996) , or Li (1982) , Chang et al. (1992) and Stuart (2006) , however, they were based on insufficient observations of living plants and lacked molecular data. Our conclusion recognizing B. caryopteridifolia was supported by AFLP results. Traditionally, molecular phylogenies in plants are based on chloroplast DNA (cpDNA) sequence variation. However, in our study, we failed in resolving the relationship of B. caryopteridifolia and B. crispa by phylogeny analyses based on cpDNA and ITS (data not shown), but succeeded with AFLP analysis. Such circumstances also existed in some species of Phyllostachys Siebold et Zuccarini (1843: 745) , Lactuca Linnaeus (1753: 795), the dogrose section Cantinae DC. in Seringe (1818: 3) (De Riek et al. 2013 , Hodkinson et al. 2000 , Koopman et al. 2001 . Therefore, AFLP method was employed to compare B. caryopteridifolia with B. crispa, and they were found to be independent taxa by means of NJ and MP analyses, UPGMA cluster and the PCoA plot.
Floral scent differentiation and separated flowering times
Variations of floral scents have been used to distiguish among closely related species of orchids (Gregg 1983) , and previous studies indicated that variations of floral scent composition between species were usually greater than that within species (Azuma et al. 2001 , Dobson et al. 1997 , Raguso et al. 2003 . Our study also showed that floral scent of the same species from different populations shared similar compounds (Table 5) , and the cluster result further substantiated the clear separation between these two species (Fig. 6) . Conclusively, the separation of B. caryopteridifolia from B. crispa was also strongly supported by the floral scents.
Floral scent leads to specialization relationships between plants and pollinators with unique compounds, while unusual compound can assure specific pollinator attraction (Andersson et al. 2002 , Raguso 2008 , Steenhuisen et al. 2012 . The most abundant compound trans-β-Ocimene (NX_Ca: 59.03 %, DR_Ca: 43.62 %, Table 5 ) in B. caryopteridifolia is an active signal to bees (Chen et al. 2012 , Maisonnasse et al. 2010 , Wright et al. 2005 , and butterflies (Andersson & Dobson 2003) . On the other hand, the unique compound Benzadehye (NX_Cr: 64.77 %, DR_Cr: 65.29 %) which occurred in B. crispa in the highest percentage was found as an efficient signal to attract butterflies and moths species (Andersson & Dobson 2003 , Guédot et al. 2008 , Raguso & Pichersky 1995 . Based on previous research and this study, we inferred that the main pollinators of B. crispa might be butterflies and moths, while bees might be the main pollinating species of B. caryopteridifolia (WC Gong, personal communication).
Besides the different floral scent composition, B. caryopteridifolia and B. crispa had separate flowering times in the sympatric habitat, which could also affect selection of pollinators and the communication between the two species. This would contribute to the differentiation and reproductive isolation between B. caryopteridifolia and B. crispa.
Conclusion
Based on the comprehensive analysis of investigations, morphological characters, floral scent and AFLP, B. caryopteridifolia can be definitely recognized as a species distinct from B. crispa.
